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Supplementary Table 1. NRR performance of the reported NRR electrocatalysts and Fe/Co-O-C-1.0. 

References Catalyst Conditions NH3 Production Rate Faradaic 
Efficiency (%) 

Detection 
method 

Noble Metal Electrocatalysts 

1 Pd nanoparticles 0.1 M PBS 
4.2 μg h−1 mgcat.

−1 

(0.1 V vs. RHE) 8.2 
Indophenol 

method 

2 Au/TiO2 0.1 M HCl 21.4 μg h−1 mgcat.
−1 

(−0.2 V vs. RHE) 8.11 Indophenol 
method 

3 Pd0.2/Cu0.8 
nanoclusters 0.1 M KOH 1.66 μg h−1 mgcat.

−1 

(−0.2 V vs. RHE) 4.52 Indophenol 
method 

4 Ag nanosheets 0.1 M HCl 2.8 μg h−1 cm−2 

(−0.6 V vs. RHE) 4.8 Indophenol 
method 

5 Ag-Au@ZIF LiCF3SO3 1% EtOH 
in THF 

10 pmol cm−2 s−1 

(−2.9 V vs. Ag/AgCl) 18 ± 4 Indophenol 
method 

6 Au6/Ni 0.05 M H2SO4 
7.4 μg h−1 mgcat.

−1 

(−0.14 V vs. RHE) 67.8 Indophenol 
method 

7 Rh-Se NCs 0.1 M HCl 175.6 ± 23.6 μg h-1 mgcat.
-1 

(−0.1 V vs. RHE) 13.3 ± 0.4 Indophenol 
method 

8 np-PdH0.43 0.1 M PBS 20.4 μg h−1 mgcat.
−1 

(−0.15 V vs. RHE) 43.6 Indophenol 
method 

9 Ru/rGO 0.05 M H2SO4 
50 μg h−1 mgcat.

−1 

(−0.1 V vs. RHE) 11 Indophenol 
method 

10 Au25-Cys-Mo 0.1 M HCl 34.5 μg h−1 mgcat.
−1 

(−0.2 V vs. RHE) 26.5 Indophenol 
method 

11 Pd/HsGDY 0.05 M H2SO4 
115.93 μg h−1 mgcat.

−1 

(−0.25 V vs. RHE) 44.45 Indophenol 
method 

Metal Free Electrocatalysts 

12 NPC-500 0.005 M H2SO4 
22.3 μg h−1 mgcat.

−1 

(−0.4 V vs. RHE) 9.58 Indophenol 
method 

13 B4C nanosheet 0.1 M HCl 26.57 μg h−1 mgcat.
−1 

(−0.75 V vs. RHE) 15.95 Indophenol 
method 

14 Fluorine-doped 
carbon 0.05 M H2SO4 

6.9 µg h−1 cm−2 

(−0.55 V vs. RHE) 12.1 Indophenol 
method 

15 Boron phosphide 0.1 M HCl 26.24 μg h−1 mgcat.
−1 

(−0.6 V vs. RHE) 12.7 Indophenol 
method 



16 BNS/CP 0.1 M Na2SO4 
13.22 μg h−1 mgcat.

−1 

(−0.8 V vs. RHE) 4.04 Indophenol 
method 

17 Eex-COF/NC 0.1 M KOH 12.53 μg h−1 mgcat.
−1 

(−0.2 V vs. RHE) 45.43 Indophenol 
method 

18 Molten LiCl-KCl LiCl-KCl 2.4 × 10−8 mol cm−2 s−1 
(0.7 V vs. Li+/Li) 4.2 NH3 ISE 

19 F-doped carbon 0.05 M H2SO4 
197.7 μg h−1 mgcat.

−1 

(−0.3 V vs. RHE) 
54.8 

(−0.2 V vs. RHE) 
Indophenol 

method 

20 BND2-NC/Ti 0.05 M H2SO4 +  
0.2 M LiSO4 

19.1 µg h−1 cm−2 

(−0.7 V vs. RHE) 21.2 Indophenol 
method 

21 cRP NRs 0.1 M Na2SO4 
15.4 μg h−1 mgcat.

−1 

(−0.4 V vs. RHE) 
9.4 

(−0.2 V vs. RHE) 
Indophenol 

method 

Transition Metal Electrocatalysts 

22 Cu/PI-300 0.1 M KOH 12.4 μg cm−2 h−1 

(−0.3 V vs. RHE) 6.56 Indophenol 
method 

23 Fe–Ni@C 0.1 M Na2SO4 
1.72 × 10−10 mol cm−2 s−1 

(−0.5 V vs. RHE) 23 Indophenol 
method 

24 FeS2-Mo17.3 0.1 M KOH 25.15 μg h−1 mgcat.
−1 

(−0.2 V vs. RHE) 14.41 Indophenol 
method 

25 GDY/Co2N 0.1 M Na2SO4 
219.72 μg h−1 mgcat.

−1 

(0.055 V vs. RHE) 58.60 Indophenol 
method 

26 Fe-doped W18O49 0.25 M LiClO4 
24.7 μg h−1 mgcat.

−1 

(−0.15 V vs. RHE) 20.0 Indophenol 
method 

27 Fe-ReS2@N-CNF 0.1 M Na2SO4 
80.4 μg h−1 mgcat.

−1 

(−0.2 V vs. RHE) 12.3 Indophenol 
method 

28 CoSC-N-C 0.1 M KOH 76.2 μg h−1 mgcat.
−1 

(−0.2 V vs. RHE) 52.9 Indophenol 
method 

29 Mo2C 0.1 M Na2SO4 
3.36 μg cm−2 h−1 

(−0.55 V vs. RHE) 40.2 Indophenol 
method 

30 MoS2/NC-900 0.1 M Na2SO4 
36.1 μg h−1 mgcat.

−1 

(−0.50 V vs. RHE) 15.2 Indophenol 
method 

31 FeWSx@FeWO4 1 M KOH 30.2 μg h−1 mgcat.
−1 

(−0.45 V vs. RHE) 16.4 Indophenol 
method 

32 PAL-MoS2 0.1 M HCl 3405.55 μg h−1 mgcat.
−1 

(−0.1 V vs. RHE) 44.36 Indophenol 
method 



33 Mo-PTA@CNT 0.1 M K2SO4 
51 ± 1 μg h−1 mgcat.

−1 

(−0.1 V vs. RHE) 83 ± 1 Indophenol 
method 

Main Group Metal Electrocatalysts 

34 PC/Sb/SbPO4 0.1 M HCl 25 μg h−1 mgcat.
−1 

(−0.25 V vs. RHE) 
31 

(−0.15 V vs. RHE) 
Indophenol 

method 

35 BP@SnO2-x 
nanotube 0.1 M Na2SO4 

48.87 μg h−1 mgcat.
−1 

(−0.4 V vs. RHE) 14.6 Indophenol 
method 

36 Bi NS 0.1 M Na2SO4 
12.23 μg h−1 mgcat.

−1 

(−0.8 V vs. RHE) 10.46 ± 1.45 Indophenol 
method 

37 BiNCs 0.5 M K2SO4 
200 mmol g–1 h–1 

(−0.6 V vs. RHE) 66 Nessler’s 
reagent 

38 R-O-Bi 0.2 M Na2SO4 
5.453 μg h−1 mgBi

−1 

(−0.6 V vs. RHE) 11.68 Indophenol 
method 

39 Bi NS/CF 0.1 M HCl 6.89 × 10−11 mol cm−2 s−1 

(−0.5 V vs. RHE) 10.26 Indophenol 
method 

40 Al-N2 battery 0.05 M H2SO4 
13.4 μg h−1 mgcat.

−1 

(−0.1 V vs. RHE) 5 Indophenol 
method 

41 Bi NPs 0.1 M Na2SO4 
3.25 ± 0.08 μg cm−2 h−1 

(−0.7 V vs. RHE) 
12.11 ± 0.84 

(−0.6 V vs. RHE) 
Indophenol 

method 

42 Bi@C-900 0.1 M Na2SO4 
4.22 ± 0.33  

μg h−1 mgcat.
−1 

(−0.6 V vs. RHE) 

15.10 ± 0.43 
(−0.4 V vs. RHE) 

Indophenol 
method 

Single-Atom Electrocatalysts 

43 Au SAs/C3N4 
(Au-N bond) 0.005 M H2SO4 

1305 μg h−1 mgAu
−1

 
(−0.2 V vs. RHE) 11.1 Indophenol 

method 

44 Ru SAs/N-C 
(Ru-N bond) 0.05 M H2SO4 

120.9 μg h−1 mgcat.
−1 

(−0.2 V vs. RHE) 29.6 Indophenol 
method 

45 Ru@ZrO2/NC 
(Ru-N bond) 0.1 M HCl 3665 μg h−1 mgRu

−1
 

(−0.21 V vs. RHE) 21 Indophenol 
method 

46 SA-Mo/NPC 
(Mo-N bond) 0.1 M KOH 34.0 ± 3.6 μg h−1 mgcat.

−1 

(−0.3 V vs. RHE) 14.6 ± 1.6 Indophenol 
method 

47 FeSA-N-C 
(Fe-N bond) 0.1 M KOH 7.48 μg h−1 mgcat.

−1 

(0 V vs. RHE) 56.55 Indophenol 
method 



48 ISAS-Fe-N-C 
(Fe-N bond) 0.1 M PBS 62.9 ± 2.7 μg h−1 mgcat.

−1 

(−0.4 V vs. RHE) 18.6 ± 0.8 Indophenol 
method 

49 Mo0/GDY 
(Mo-C bond) 0.1 M Na2SO4 

145.4 μg h−1 mgcat.
−1 

(−1.2 V vs. SCE) 21 Indophenol 
method 

 
50 

 

NC-Cu SA 
(Cu-N bond) 

0.1 M KOH 53.3 μg h−1 mgcat.
−1 

(−0.35 V vs. RHE) 13.8 
Indophenol 

method 
 

0.1 M HCl 
49.3 μg h−1 mgcat.

−1 

(−0.3 V vs. RHE) 
 

11.7 
 

51 Fe1-N-C 
(Fe-N bond) 0.1 M HCl 1.56 × 10−11 mol cm−2 s−1 

(−0.05 V vs. RHE) 4.51 Indophenol 
method 

 
52 

 
Co SA/NPC 
(Co-N bond) 

 
0.05 M Na2SO4 

 
0.86 μmol cm−2 h−1 

(−0.2 V vs. RHE) 

 
10.5 

 
Indophenol 

method 

 
53 

 
Ru SAs/g-C3N4 

(Ru-N bond) 
0.5 M NaOH 23.0 μg h−1 mgcat.

−1 

(−0.05 V vs. RHE) 8.3 Indophenol 
method 

54 Fe-SAs/LCC/GC 
(Fe-O bond) 0.1 M KOH 

 

307.7 μg h−1 mgcat.
−1 

 (−0.15 V vs. RHE) 
 

51.0 Indophenol 
method 

55 Co-SAs/NC-L 
(Co-N bond) 

 0.005 M H2SO4 
16.9 μg h−1 mgcat.

−1 

(−0.25 V vs. RHE) 
 

27.4 
(−0.15 V vs. RHE) 

Indophenol 
method 

56 
Fe-SnO2 

(Fe-O bond) 
 0.1 M HCl 

82.7 μg h−1 mgcat.
−1 

(−0.3 V vs. RHE) 
 

20.4 
 

Indophenol 
method 

57 
SA Ru-Mo2CTx 

(Ru-C(O) bond) 
 0.5 M K2SO4 

40.57 μg h−1 mgcat.
−1 

(−0.3 V vs. RHE) 
 

25.77 
 

Indophenol 
method 

58 
Fe-MoS2 

(Fe-S bond) 
 

 0.1 M KCl 97.5 ± 6 μg h−1 cm−2 

(−0.2 V vs. RHE) 31.6 ± 2 Indophenol 
method 

59 

MoSAs-Mo2C/ 
NCNTs 

(Mo-N/C bond) 
 

 0.005 M H2SO4 
16.1 μg h−1 mgcat.

−1 

(−0.25 V vs. RHE) 7.1 Indophenol 
method 

60 
Fe-MoS2 

(Fe-S bond) 
 

 0.5 M K2SO4 
 

8.63 μg h−1 mgcat.
−1 

(−0.3 V vs. RHE) 
 

18.8 
 

Indophenol 
method 

 

61 
SA-Ag/NC 

(Ag-N bond) 
 

0.1 M HCl 
 

270.9 μg h−1 mgcat.
−1 

(−0.65 V vs. RHE) 
 

21.9 
(−0.60 V vs. RHE) 

 

Indophenol 
method 

 

62 
Pd-GDY 

(Pd-N bond) 
 

 0.1 M Na2SO4 
 

4.45 ± 0.3 mg h−1 mgPd
−1

 
(−0.16 V vs. RHE) 

 

31.62 ± 1.06 
 

Indophenol 
method 

 



63 
Mn-O3N1/PC 

(Mn-N/O bond) 
 

0.1 M HCl 
 

66.41 ± 4.05 μg h−1 mgcat.
−1

 
(−0.35 V vs. RHE) 

 

8.91 ± 0.82 
 

Indophenol 
method 

 

64 
Ni-Nx-C 

(Ni-N bond) 
 

0.1 M KOH 
 

81 ± 3 μg h−1 cm−2 

(−0.3 V vs. RHE) 
 

12.4 ± 1.5 
 

Indophenol 
method 

 

65 

Y1/NC 
(Y-N/C bond) 

 0.1 M HCl 
 

23.2 μg h−1 cm−2
 

(−0.1 V vs. RHE) 
 

12.1 
 Indophenol 

method 
 Sc1/NC 

(Sc-N/C bond) 
 

20.4 μg h−1 cm−2
 

(−0.1 V vs. RHE) 
 

11.2 
 

Dual-Atom Electrocatalysts 

66 

CNT@C3N4- 
Fe&Cu 

(Fe-N and Cu-N 
bond) 

0.001 M H2SO4 
9.86 μg h−1 mgcat.

−1 

(−1.2 V vs. Ag/AgCl) 

34.0 
(−0.8 V vs. 
Ag/AgCl) 

 

Indophenol 
method 

67 
PdCu/NC 

(Pd-Cu bond) 
0.05 M H2SO4 

 

69.2 ± 2.5 μg h−1 mgcat.
−1

 
(−0.45 V vs. RHE) 

 

24.8 ± 0.8 
 

Indophenol 
method 

 

This work 
Fe/Co-O-C-1.0 
(Fe-Co bond) 

0.1 M Na2SO4 

574.8 ± 35.3 μg h−1 mgcat.
−1 

(−0.30 V vs. RHE) 
(GC disk, Loading:  

0.5 mg cm−2) 
 

73.2 ± 4.6 

Indophenol 
method 

577.2 ± 26.2 μg h−1 mgcat.
−1 

(−0.30 V vs. RHE) 
(GC plate, Loading:  

0.5 mg cm−2) 
 

70.6 ± 3.2 

579.2 ± 27.8 μg h−1 mgcat.
−1 

(−0.30 V vs. RHE) 
(GC plate, Loading:  

1.5 mg cm−2) 

79.0 ± 3.8 

 

 

 

 

 

 



Supplementary Table 2. Impregnated Fe3+/Co2+ contents on BC from different adsorption solutions and corresponding Fe/Co and Fe/Co SAs 
loaded on CBC. 

†Determined by ICP-AES. 

 

[Fe3+]/[Co2+] in 
Adsorption 

Solution  
(mmol L−1) 

Impregnated Fe3+/Co2+ in 
Fe3+-20-BC, 

Fe3+/Co2+-x/y-BC, 
Co2+-20-BC† 
(mmol g−1) 

Fe/Co in Fe-20-CBC,  
Fe/Co-x/y-CBC, 

Co-20-CBC† 
(mmol g−1) 

Fe/Co SAs in 
Fe-O-C, 

Fe/Co-O-C-r, 
Co-O-C† 
(wt.%) 

Fe/Co SAs in 
Fe-O-C, 

Fe/Co-O-C-r, 
Co-O-C† 

 (mmol g−1) 

Fe/Co Atomic 
Ratio in 

Fe/Co-O-C-r 
 

20/- 

15/5.0 

10/10 

5.0/15 

1.0/19 

-/20 

0.54/- 

0.42/0.13 

0.31/0.20 

0.24/0.25 

0.12/0.30 

-/0.32 

1.65/- 

1.29/0.40 

0.94/0.61 

0.74/0.77 

0.37/0.91 

-/0.99 

0.27/- 

0.22/0.08 

0.18/0.13 

0.15/0.16 

0.1/0.19 

-/0.22 

0.0480/- 

0.0391/0.0135 

0.0320/0.0219 

0.0266/0.0269 

0.0178/0.0319 

-/0.0370 

- 

2.9 

1.5 

1.0 

0.56 

- 



Supplementary Table 3. BET specific surface area and average pore volume of 
Fe-O-C, Co-O-C, Fe/Co-O-C-r and CBC. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Samples BET Specific Surface Area 
(m2 g−1) 

Average Pore Diameter  
(nm) 

Fe-O-C 559.2 0.84 

Co-O-C 416.7 0.59 

Fe/Co-O-C-2.9 463.5 0.70 

Fe/Co-O-C-1.5 522.0 0.88 

Fe/Co-O-C-1.0 490.0 0.71 

Fe/Co-O-C-0.56 368.4 0.61 

CBC 497.3 0.89 



Supplementary Table 4. EXAFS fitting results of Fe/Co-O-C-1.0.  

CN: Coordination number; R: Interatomic distance (the bond length between central atoms and surrounding 

coordination atoms); σ2: Debye-Waller factor (a measure of thermal and static disorder in absorber-scatter 

distances); ΔE0: Edge-energy shift (the difference between the zero kinetic energy value of the sample and that of 

the theoretical model).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sample Edge Scattering 
Pair CN R (Å) σ2 (10−3Å2) ΔE0 (eV) 

As-synthesised 
Fe/Co-O-C-1.0 

Fe 
Fe-O 2.80 2.00 4.13 6.62 

Fe-Co 1.00 2.13 4.22 9.55 

Co 
Co-O 2.80 2.05 6.63 −3.84 

Co-Fe 0.80 2.11 7.03 −8.12 

Fe/Co-O-C-1.0 

after10 NRR 
cycles 

Fe 
Fe-O 3.00 1.96 8.80 −7.79 

Fe-Co 1.00 2.10 6.29 2.47 

Co 

Co-C 2.00 2.23 3.44 7.39 

Co-O 1.00 1.94 3.45 −8.62 

Co-Fe 1.00 2.07 6.19 0.12 



Supplementary Table 5. Loaded Fe, Co and bimetallic Fe-Co SAs on CBC. 

†Determined by ICP-AES. 
*The bimetallic loading densities (D) were calculated according to: 
D (nmol cm−2) = m × ω 
where, m is the catalyst loading on GC disk electrode (0.50 mg cm−2), ω is the assumed bimetallic Fe-Co loadings 

(μmol g−1). 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 
Fe SAs† 

(μmol g−1) 
Co SAs† 
(μmolg−1) 

Total 
Fe/Co 
SAs† 

(μmol g−1) 

Assumed 
Bimetallic 

Fe-Co Loading 
(μmol g−1) 

Bimetallic 
Fe-Co Loading 

Density* 
(nmol cm−2) 

Fe-O-C 

Fe/Co-O-C-2.8 

Fe/Co-O-C-1.5 

Fe/Co-O-C-1.0 

Fe/Co-O-C-0.56 

Co-O-C 

47.95 

39.07 

31.96 

26.61 

17.75 

- 

- 

13.45 

21.85 

26.89 

31.93 

37.0 

- 

52.52 

53.81 

53.5 

49.68 

- 

- 

13.45 

21.85 

26.61 

17.75 

- 

- 

6.72 

10.93 

13.31 

8.87 

- 



Supplementary Table 6. Mass and geometric area activities, and FEs obtained from 
GC plate electrode (1.0 × 1.0 cm−2) with different Fe/Co-O-C-1.0 loading densities.* 

Catalyst Loading 
(mg cm−2) 

Mass Activity 
(μg h−1 mgcat.−1) 

Area Activity 
(nmol s−1 cm−2) 

Faradic Efficiency 
(%) 

0.50 577.2 ± 26.2 4.7 ± 0.2 70.6 ± 3.2 

0.75 578.3 ± 26.6 7.1 ± 0.3 73.3 ± 3.4 

1.0 578.8 ± 25.5 9.5 ± 0.4 76.2 ± 3.4 

1.5 579.2 ± 27.8 14.2 ± 0.7 79.0 ± 3.8 

*The presented data are obtained from three replicated experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 1. Schematic diagram illustrating synthetic procedure of 
Fe/Co-O-C. 
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Supplementary Figure 2. (a) Surface survey XPS spectrum and high-resolution XPS 
spectra of (b) O 1s, (c) C 1s of pre-treated BC. 
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Supplementary Figure 3. Adsorption of Fe3+, Co2+ and Fe3+/Co2+on BC at 25 °C. 
Adsorption solutions were prepared by dissolving appropriate amounts of 
Co(SO4)3·7H2O and Fe2(SO4)3·10H2O in deionised water. The adsorption solutions for 
Fe3+-20-BC and Co2+-20-BC contain 20 mmol L−1 of Fe3+ or Co2+, respectively. The 
adsorption solutions for Fe3+/Co2+-x/y-BC (x/y: [Fe3+]/[Co2+] ratios in adsorption 
solutions) contain a total Fe3+ and Co2+ concentration of 20 mmol L−1 with different 
x/y values of 15/5, 10/10, 5/15 and 1/19. Adsorption solution volume: 400 mL; 
Amount of BC: 1.0 g; qe: Impregnated Fe3+/Co2+ amount on BC under equilibrium 
condition determined by ICP-AES. 

 



 

Supplementary Figure 4. SEM images and TEM images (Inset: HRTEM images) 
of (a, b) Fe-20-CBC, (c, d) Co-20-CBC, (e, f) Fe/Co-15/5-CBC, (g, h) 
Fe/Co-10/10-CBC, (i, j) Fe/Co-5/15-CBC and (k, l) Fe/Co-1/19-CBC. 

e f 
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Supplementary Figure 5. XRD patterns of (a) Fe-20-CBC and Fe-O-C, (b) 
Co-20-CBC and Co-O-C, (c) Fe/Co-15/5-CBC and Fe/Co-O-C-2.9, (d) 
Fe/Co-10/10-CBC and Fe/Co-O-C-1.5, (e) Fe/Co-5/15-CBC and Fe/Co-O-C-1.0, (f) 
Fe/Co-1/19-CBC and Fe/Co-O-C-0.56. 
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Supplementary Figure 6. TEM images of (a) Fe-O-C, (b) Co-O-C, (c) Co-O-C-2.9, 
(d) Fe/Co-O-C-1.5, (e) Fe/Co-O-C-1.0 and (f) Fe/Co-O-C-0.56 derived respectively 
from the acid-etched Fe-20-CBC, Co-20-CBC, Fe/Co-15/5-CBC, Fe/Co-10/10-CBC, 
Fe/Co-5/15-CBC and Fe/Co-1/19-CBC. 
 

 

 

 

 

 
 

a b 

c d 

e f 



 

Supplementary Figure 7. HAADF-STEM images of (a) Fe-O-C and (b) Co-O-C 
derived respectively from the acid-etched Fe-20-CBC and Co-20-CBC. 
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Supplementary Figure 8. HAADF-STEM images of (a) Fe/Co-O-C-0.56, (b) 
Fe/Co-O-C-1.5 and (c) Fe/Co-O-C-2.9 derived respectively from the acid-etched 
Fe/Co-1/19-CBC, Fe/Co-10/10-CBC and Fe/Co-15/5-CBC. 
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Supplementary Figure 9. Raman spectra of Fe-O-C, Co-O-C, Fe/Co-O-C-2.9, 
Fe/Co-O-C-1.5, Fe/Co-O-C-1.0 and Fe/Co-O-C-0.56. 

The peaks at ~1346 and ~1588 cm−1 are assignable to the D and G bands of graphitic 
carbon, respectively. 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 10. (a) N2 adsorption-desorption isotherms and (b) 
Corresponding pore size distribution curves of Fe-O-C, Co-O-C, Fe/Co-O-C-2.9, 
Fe/Co-O-C-1.5, Fe/Co-O-C-1.0 and Fe/Co-O-C-0.56. 
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Supplementary Figure 11. HAADF-STEM image of Fe/Co-O-C-1.0 and 
corresponding elemental mapping images. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 12. HAADF-STEM images obtained from different locations 
of a Fe/Co-O-C-1.0 sample.  
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Supplementary Figure 13. (a) Survey XPS spectrum and high-resolution XPS 
spectra of (b) O 1s, (c) C 1s and (d) Co 2p and Fe 2p of Fe/Co-O-C-1.0. 

The undetectable Fe/Co elements in Co 2p and Fe 2p XPS spectra (d) are due to the 
low Fe/Co contents68. 
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Supplementary Figure 14. Experimentally recorded Co K edge XANES spectrum of 
Fe/Co-O-C-1.0, and theoretically calculated XANES spectra of diatomic Co-Co, 
monatomic Co and bimetallic Fe-Co. Note that the XANES spectra were calculated 
by FEFF8.4 code. 

We further calculated the XANES spectra for diatomic Co-Co, monatomic Co and 
bimetallic Fe-Co using FEFF8.4 code. It can be seen that experimentally recorded 
XANES spectrum from Fe/Co-O-C-1.0 sample show a characteristic peak at 7725 eV, 
which is coincided with the calculated XANES spectra of the bimetallic Fe-Co. In 
strong contrast, the calculated XANES spectrum for the diatomic Co-Co shows a 
strong peak at 7729 eV with two shoulder peaks at 7712 and 7719 eV, which differ 
marked from the experimentally measured XANES spectrum from Fe/Co-O-C-1.0. 
The above results can be used as additional evidence to support the presence of 
bimetallic Fe-Co sites in Fe/Co-O-C-1.0. 
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Supplementary Figure 15. Solid-state 13C NMR spectra of Co-O-C, Fe-O-C, 
Fe/Co-O-C-0.56, Fe/Co-O-C-2.9 and Fe/Co-O-C-1.0. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure 16. (a) Time-dependent current density curves of 
Fe/Co-O-C-1.0 catalysed NRR at different potentials in N2-saturated 0.1 M Na2SO4 

electrolyte over a 2 h period. (b) UV-Vis absorption spectra of the corresponding 
samples recorded in accordance with the indophenol blue method. 
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Supplementary Figure 17. UV-Vis absorption spectra of samples resulted from 
Fe/Co-O-C-1.0 catalysed NRR at different potentials in N2-saturated 0.1 M Na2SO4 

for 2 h recorded in accordance with Watt and Chrisp method. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 18. (a) 1H NMR spectra of 14NH4+ standards and (b) Corresponding 
14NH4+ calibration curve. (c) 1H NMR spectra of 15NH4+ standards and (d) Corresponding 
15NH4+ calibration curve. (e) 1H NMR spectra of 14NH4+ and 15NH4+ standards (75 μg mL−1), 
and the resultant samples from Fe/Co-O-C-1.0 catalysed NRR using 14N2 and 15N2 feeding 
gases, respectively. (f) Yielded 14NH4+ and 15NH4+ concentrations in the resultant sample 
solutions determined by the indophenol blue and 1H NMR methods. The error bars represents 
the data obtained from three replicated experiments. 

The yielded 14NH4+ and 15NH4+ concentrations determined by 1H NMR method are 39.7 ± 
2.1 and 39.2 ± 2.4 μg mL−1, corresponding to NH3 yield rates of 535.7 ± 28.7 and 531.4 ± 
32.8 μg h−1 mgcat.−

1, respectively, very closely approximated to those determined by 
indophenol blue method (41.2 ± 2.8 μg mL−1 for 14NH4+ and 40.7 ± 2.6 μg mL−1 for 15NH4+, 
corresponding to NH3 yield rates of 555.9 ± 37.8 and 551.4 ± 35.2 μg h−1 mgcat.−

1, 
respectively). 
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Supplementary Figure 19. 1H NMR spectra of the yielded 15NH4+ by Fe/Co-O-C-1.0 
electrode in 0.1 M Na2SO4 electrolyte for 2 h period with 15N2 as feeding gas at different 
potentials of (a) −0.25 V, (b) −0.30 V and (c) −0.40 V (vs. RHE). (d) Comparison of NH3 
yield rates from Fe/Co-O-C-1.0 electrode using 14N2 and 15N2 as the feeding gases under 
different applied potentials. The yielded 15NH3 was quantified by 1H NMR analysis using 
the data derived from the 1H NMR spectra shown in (a), (b) and (c). The yielded 14NH3 
determined by the indophenol blue method using the data derived from Fig. 3a in 
manuscript. The error bars represent data obtained from three replicated experiments. 
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Supplementary Figure 20. (a) IC Chromatograms and (b) UV-Vis spectra of the standards, 
Blank (without Fe/Co-O-C-1.0 electrocatalyst but with −0.30 V vs. RHE in N2-saturated 0.1 M 
Na2SO4 solution for 2 h), Open-circuit (with Fe/Co-O-C-1.0 electrocatalyst under open-circuit 
conditions in N2-saturated 0.1 M Na2SO4 solution for 2 h) and Ar-saturated electrolyte (with 
Fe/Co-O-C-1.0 electrocatalyst under −0.30 V vs. RHE in Ar-saturated 0.1 M Na2SO4 solution for 
2 h) samples from three independent experiments. IC Standard: 5.0 ppm of NO3−

 and NO2−. 
UV-Vis Standard: 0.50 ppm of NH4+. UV-Vis spectra were recorded from the treated samples in 
accordance with the indophenol blue method. 

The above control experimental results unveiled that only ignorable NO3−, NO2− and NH4+ 

concentrations can be detected when the experiments were carried out using N2- saturated 0.1 M 
Na2SO4 without electrocatalyst (blank), with electrocatalyst but without applied potential 
(open-circuit) and with electrocatalyst in Ar-saturated 0.1 M Na2SO4 at −0.30 V (vs. RHE) for 2 
h. These control experimental results eliminate any noticeable environmental interference and 
further confirm that the yielded NH3 is resulted exclusively from the Fe/Co-O-C-1.0 catalysed 
NRR. 
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Supplementary Figure 21. (a) Cycling stability test of Fe/Co-O-C-1.0 in 
N2-saturated 0.1 M Na2SO4 electrolyte at −0.30 V (vs. RHE) for 10 cycles with 1 h 
NRR period per cycle. (b) Corresponding RNH3 and FE derived from each testing 
cycle. 
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Supplementary Figure 22. (a) Low-, (b) High-magnification aberration-corrected 
HAADF-STEM images, and (c) XRD patterns of Fe/Co-O-C-1.0 after 72 h stability 
test. 
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Supplementary Figure 23. Fe K edge (a) XANES spectra and (b) k3-weighted FT-EXAFS 
spectra of Fe/Co-O-C-1.0 after 10 NRR cycles, and Fe foil (Noting that the spectrum is 
transformed by 0.5), Fe2O3. Co K edge (c) XANES spectra and (d) k3-weighted FT-EXAFS 
spectra of Fe/Co-O-C-1.0 after 10 NRR cycles, Co foil (Noting that the spectrum is 
transformed by 0.5), Co3O4. (e, f) Fe K edge and Co K edge EXAFS fitting curves of 
[(O-C2)3Fe-Co(O-C)C2] configuration for Fe/Co-O-C-1.0 at R space and k space, 
respectively. Inset in (e) is the possible bimetallic Fe-Co coordination configurationin 
Fe/Co-O-C-1.0 after 10 NRR cycles (Brown: C, red: O, orange: Fe, blue: Co). 
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Supplementary Figure 24. (a) SEM image, (b) TEM image, (c) XRD pattern, (d) 
Survey XPS spectrum, (e) High-resolution O 1s spectra, (f) High-resolution C 1s 
spectra, (g) N2 adsorption-desorption isotherm and (h) Corresponding pore size 
distribution curve of CBC. 
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Supplementary Figure 25. CV curves of (a) Fe-O-C, (b) Co-O-C and (c) 
Fe/Co-O-C-1.0 in Ar- and N2-saturated 0.1 M Na2SO4 electrolytes. Scan rate: 5.0 mV 
s−1. 
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Supplementary Figure 26. Chronoamperometric responses of CBC, Fe-O-C, 
Fe/Co-O-C-2.9, Fe/Co-O-C-1.5, Fe/Co-O-C-1.0, Fe/Co-O-C-0.56 and Co-O-C 
catalysts at −0.30 V (vs. RHE) for 1 h reaction period in N2-saturated 0.1 M Na2SO4 
electrolyte.  
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Supplementary Figure 27. Chronoamperometric curves of Fe/Co-O-C-1.0 with 
different loading amounts on GC plate electrode at −0.30 V vs. RHE.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 28. DFT optimised end-on N2 adsorption configurations on 
(a) Fe and (b) Co sites in [(O-C2)3Fe-Co(O-C2)3].  
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Supplementary Figure 29. DFT calculated Charge density differences 
(δρ=ρA+B−ρA−ρB) of side-on N2 adsorption on [(O-C2)3Fe-Co(O-C2)3]. Yellow and 
cyan stand respectively for the electron accumulation and depletion. The isosurface 
value is 0.005 e/a0

−3, where a0 is the Bohr radius.  

With the side-on adsorption, the calculated charge density difference discloses that the 
electrons in d orbitals of Fe and Co are transferred to the empty π* orbitals of N2. As a 
result, the adsorbed N2 gains 0.720 e− from the bimetallic site, and the N-N bond is 
elongated from 1.120 Å (free gaseous N2 state) to 1.225 Å, suggesting that the 
adsorbed N2 is activated. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 30. Calculated PDOS for graphene with 
[(O-C2)3Fe-Co(O-C2)3] before and after side-on N2 adsorption. 

The broadened Fe-3d and Co-3d states after N2 adsorption addicting to the overlapped 
Fe, Co and N states imply the hybridized Fe/Co 3d orbitals with N 2p orbital. The 
overlapped PDOS between Fe-3d and *N2-2p, and Co-3d and *N2-2p are distributed 
below and above the Fermi energy, signifying a back-bonding between the bimetallic 
Fe-Co site and *N2

69. 
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Supplementary Figure 31. DFT optimised end-on N2 adsorption configurations on 
(a) Fe and (b) Co sites in [(O-C2)3Fe-Co(O-C)C2].  
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Supplementary Figure 32. DFT calculated Charge density differences 
(δρ=ρA+B−ρA−ρB) of side-on N2 adsorption on [(O-C2)3Fe-Co(O-C)C2]. Yellow and 
cyan stand respectively for the electron accumulation and depletion. The isosurface 
value is 0.005 e/a0

−3, where a0 is the Bohr radius. 

The calculated charge density difference unveils that the side-on adsorbed N2 gains 
0.62 e− from the Fe-Co site in [(O-C2)3Fe-Co(O-C)C2]. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 33. Calculated PDOS for graphene with 
[(O-C2)3Fe-Co(O-C)C2] before and after side-on N2 adsorption. 

Deferring from [(O-C2)3Fe-Co(O-C2)3], the PDOSs of [(O-C2)3Fe-Co(O-C)C2] 
uncover that the side-on adsorption on the Fe-Co site leads to the spin-down/beta 
orbital of Fe-3d being shifted away slightly from the Fermi level, suggesting a less 
effective charge transfer with *N2. 
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Supplementary Figure 34. Photograph of electrochemical experimental setup. 

 



 

Supplementary Figure 35. SEM image and photograph (inset) of the synthesised 
Cu-Fe-Al catalyst. 



 

Supplementary Figure 36. (a) IC Chromatograms and (b) UV-Vis spectra of the standards and 
14N2 feeding gas samples from three replicated experiments. The experiments were carried by 
feeding 14N2 at a flow rate of 20 mL min−1 through the purification unit into 30 mL of deionised 
water in the cathode chamber of the electrochemical cell for 1 h. IC Standard: 5.0 ppm of NO3−

 

and NO2−. UV-Vis Standard: 0.50 ppm of NH4+. UV-Vis spectra were recorded from the treated 
samples in accordance with the indophenol blue method. 
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Supplementary Figure 37. (a) IC Chromatograms and (b) UV-Vis spectra of the standards and 
15N2 feeding gas samples from three replicated experiments. The experiments were carried by 
feeding 15N2 at a flow rate of 20 mL min−1 through the purification unit into 30 mL of deionised 
water in the cathode chamber of the electrochemical cell for 1 h. IC Standard: 5.0 ppm of NO3−

 

and NO2−. UV-Vis Standard: 0.50 ppm of NH4+. UV-Vis spectra were recorded from the treated 
samples in accordance with the indophenol blue method. 
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Supplementary Figure 38. (a) UV-Vis absorption spectra obtained from solutions with different 
NH4+-N concentrations (0, 0.05, 0.10, 0.25, 0.50, 1.0 and 2.0 μg mL−1) incubated for 1 h at room 
temperature. (b) Calibration curve used to determine NH4+-N concentrations. The error bars 
represent data obtained from three replicated experiments. 
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Supplementary Figure 39. (a) UV-Vis absorption spectra obtained from solutions with different 
N2H4 concentrations (0, 0.05, 0.10, 0.25, 0.50, 1.0 and 2.0 μg mL−1) incubated for 20 min at room 
temperature. (b) Calibration curve used to determine N2H4 concentrations. The error bars 
represent data obtained from three replicated experiments. 
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